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ABSTRACT  
A constant height of gallium nitride (GaN) nanowires with graphene deposited on them is 
shown to have a strong enhancement of Raman scattering, whilst variable height nanowires fail 
to give such an enhancement. Scanning electron microscopy reveals a smooth graphene surface 
which is present when the GaN nanowires are uniform, whereas graphene on nanowires with 
substantial height differences is observed to be pierced and stretched by the uppermost 
nanowires. The energy shifts of the characteristic Raman bands confirms that these differences in 
the nanowire height has a significant impact on the local graphene strain and the carrier 
concentration. The images obtained by Kelvin probe force microscopy show clearly that the 
carrier concentration in graphene is modulated by the nanowire substrate and dependent on the 
nanowire density. Therefore, the observed surface enhanced Raman scattering for graphene 
deposited on GaN nanowires of comparable height is triggered by self-induced nano-gating to 
the graphene. However, no clear correlation of the enhancement with the strain or the carrier 
concentration of graphene was discovered. 
1. INTRODUCTION 
 Hybrid systems containing graphene and other nanomaterials have gained a lot of 
attention in the recent years due to the possibility of novel applications and the potential for new 
physics, especially occurring at the interface between the two media. Due to its unique transport 
and mechanical properties graphene itself is also considered as a promising material in a number 
of fields.[1,2] High carrier mobility (up to 75 000 cm
2
V
-1
s
-1
), low resistivity (10
-6
 Ωcm), large 
elasticity (enabling to withstand up to 25% elastic deformation) make graphene an ideal 
candidate to be used in flexible nanosensors.[3] Our previous studies completed on graphene 
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deposited on gallium nitride nanowires (GaN NWs) with similar height have shown that the 
Raman spectra of graphene are enhanced by more than an order of magnitude, when compared to 
graphene deposited on a GaN epilayer.[4] This enhancement has been interpreted to be caused 
by Surface Enhanced Raman Scattering (SERS). There are typically two mechanisms of SERS, 
an electromagnetic mechanism (EM) and a chemical mechanism (CM), and it is still under 
debate which of them is dominant in graphene.[5] The EM is due to the enhancement of an 
electric field as an effect of localized surface plasmon excitation, which can lead to an increase 
of Raman spectrum intensity by as much as 10
15
 times.[6] However, that high order of 
enhancement is achieved only when the laser wavelength is in resonance with plasmon 
frequency and for Raman bands close in energy to the laser wavelength. When such resonance 
conditions are not fully satisfied, the observed enhancement is strongly reduced.[7] The CM 
theory explains the Raman spectra enhancement by chemical bonding at the surface and a 
charge-transfer mechanism. In this case the predicted enhancement is typically 10-100 times. 
The comprehensive review of the theories describing SERS mechanism can be found for 
example in ref. [8] Typically, the SERS effect in graphene is observed after deposition of metal 
particles with a well-defined size and shape and is described by the EM.[9] Although gallium 
nitride is a wide bandgap semiconductor, in the wurtzite structure polarization charges at high 
concentration are present on its surface due to the spontaneous and piezoelectric polarizations 
along the c-axis, and they are usually screened by free carriers.[10,11] Thus, vertically aligned 
GaN NWs can be used as a source of discontinuous self-induced nano-gates and can give rise to 
enhanced local electromagnetic fields via the localized surface plasmon oscillating 
perpendicularly and coupled to graphene surface. This vertical NW assembly provides direct 
access to the whole of the graphene’s surface, which in turn is a big advantage when applied to a 
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sensor structure. Studies of such structure have to take into account that NWs in contact with the 
graphene modify the spatial distribution of its carrier concentration and, possibly, introduce 
mechanical strain to the system. It has been shown that the presence of lattice distortions leads to 
a Dirac cone shift and overall modification of graphene’s electronic properties.[12] Studies of 
graphene deposited on silicon pillars with equal height have revealed the pillar density impact on 
the strain in the graphene.[13] Graphene lying on pillars below a critical pillar pitch stay 
suspended and weakly interact with the substrate. Modifying the pillar density and pitch 
increases the strain in graphene, as detected by Raman spectroscopy mapping, leading to 
graphene ripples being visible in SEM images. Thus, a GaN NW array establish a promising 
substrate for graphene deposition, with the possibility of tailoring the graphene carrier 
concentration and strain, which are crucial parameters of future novel nanodevices; in particular, 
SERS exhibiting substrates can boost the number of possible applications in the nanosensor field. 
 To understand the processes responsible for the enhancement of Raman spectra in 
graphene, we have studied graphene deposited on NWs with a varying height distribution and 
different density. The topography of the samples was visualized by Scanning Electron 
Microscopy (SEM) and Atomic Force Microscopy (AFM). Reflectivity measurements were 
applied to study the light interference on the nanowire array. Finally, we used Raman 
spectroscopy as a versatile tool for validating graphene’s structure in these assemblies. The most 
intense graphene 2D band of Raman spectrum is sensitive to strain, while less intensive G band 
depends on carrier concentration as well as strain.[14–17] Both defect bands (D and D’) quantify 
the type and concentration of defects.[18,19] Analyzing these bands by two dimensional Raman 
micromapping allowed, with resolution of 100s nanometers, to trace how graphene’s strain and 
carrier concentration are modified by its interaction with NWs. This analysis can yield 
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information about the strain behavior and its possible correlations with carrier concentration and 
nanowire pattern. Distribution of carriers was also obtained with higher resolution by Kelvin 
probe force microscopy (KPFM). In this technique the measured electric potential between AFM 
needle and the sample is proportional to the Fermi level position, and consequently to the 
electron concentration.[20] All the performed studies enabled the relationship between nanowire 
substrate on graphene properties to be determined, with particular focus on the enhancement of 
Raman spectra. 
2. EXPERIMENTAL DETAILS 
 Four samples of graphene deposited on GaN NWs were studied. GaN NWs were grown 
by Plasma Assisted Molecular Beam Epitaxy (PAMBE) under N-rich conditions.[21] The 
growth temperature and growth time were varied in order to prepare NWs with differing height 
distribution and different array density.[22] The diameter of NWs in all samples was 
approximately 40 nm. In two of the samples, the GaN NWs had near equal height. As estimated 
from SEM, the average height was about 900 nm and the nanowire density was 140 NWs/m2. 
Individual nanowires were not evenly distributed on the substrate, but they form small clusters 
with average distances between the clusters of approximately 250 nm. In the third sample, the 
nanowire density was approximately 400 NWs/m2, which is three times higher than in the 
previous two samples. For this sample NWs also gathered in small groups with distance between 
them varying from 50 to 100 nm. In this sample, the height of NWs changed smoothly from 300 
to 400 nm, so the magnitude of the height variation was of approximately 100 nm. In the fourth 
sample, NWs with two different heights, alternating by 500 nm, were found: most of the 
nanowires were of approximately 1 μm height, and approximately 20% of NWs were of about 
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1.5 μm. The density of NWs in this sample reached 120 NWs/m2 and distances between the 
highest NWs were 0.5 to 1 μm.   
 Graphene was grown by chemical vapor deposition on copper foil, with methane as the 
precursor. Due to low adhesive forces between graphene and NWs, it was not possible to apply a 
common method of graphene transfer using a poly(methyl methacrylate) (PMMA) polymer.[23] 
In order to solve this problem we adopted a non-standard transfer method, with the use of a 
stabilizing frame.[24] For the sample with NWs of equal height (denoted as M0), we employed a 
marker frame, while for the other three samples (with 0, 100 and 500 nm variations in height) 
more stable but stiffer polymer frame made from PDMS (polydimethylsiloxane) was used. These 
samples were denoted as P0, P100, and P500, respectively.  
The SEM images were obtained using SU8230 Hitachi microscope equipped with an in-
lens secondary electron detector at 5 kV electron beam voltage. In order to visualize graphene on 
NWs, measurements were performed at 70 tilt of the sample. A T64000 Horiba Jobin-Yvon 
spectrometer equipped with an Nd:YAG laser excitation source operating at 532 nm wavelength 
(2.33 eV energy) was used for micro-Raman studies. Excitation power was 3 mW. Spectral 
resolution changed from 1.98 cm
-1
 for 1200 cm
-1
 Raman shift to 1.61 cm
-1
 for 2800 cm
-1
 Raman 
shift. A spatial resolution of approximately 300 nm was achieved by applying a confocal pinhole 
and an objective with a 100 magnification and 0.9 NA. This resolution was too low to separate 
images of individual NWs. On average 10 NWs were stimulated by the laser spot in the M0 and 
P0 samples. Due to the higher density of NWs in P100 sample, on average 28 single NWs were 
located in a single laser spot. In the case of P500 sample it was approximately 8 NWs under the 
laser spot, however only a single NW had a height of 1.5 μm. Raman micromapping was 
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performed on area of a several square micrometers for each sample, with the 100 nm step of 
piezoelectric motors. In order to compare intensity of Raman scattering between individual 
samples, spectra were normalized with respect to the intensity of main Raman line of silicon 
reference sample. For reflectivity micromapping we used a halogen lamp and the same 
spectrometer as for Raman micromapping. The measurements were performed for wavelengths 
in the range of 360 to 800 nm, on 1 µm2 sample area, and with 100 nm step between each data 
point. In this case an objective with a 100 magnification was also applied. AFM and KPFM 
measurements were carried out using Digital Instruments Multimode Atomic Force Microscope 
with a needle of 50 nm diameter, capable of measuring the electric potential of the specimen. 
The needle diameter was comparable to the nanowire diameter in all investigated samples. In 
KPFM measurements, due to inability to determine the reference potential, values of the 
measured potential are arbitrary, however their values and local variations can be compared 
between the investigated samples.   
3. RESULTS AND DISCUSSION 
 Figure 1 shows the topography of the studied samples as obtained by SEM. No 
substantial differences between graphene on NWs with equal height transferred using two 
different frames (samples M0 and P0) were observed. Graphene was generally observed as plain 
and smooth and it lied on the apexes of all the nanowires (figure 1a, b). The small ripples were 
caused by slight variations in height between adjacent NWs. Larger cracks are most probably 
created by copper etching during the graphene transfer procedure. For the P100 sample, larger 
ripples caused by moderate height differences in nanowires (figure 1c) were observed. The NW 
density in this sample was higher than in the previous samples, but strain stretched graphene. 
Graphene was supported by every single nanowire including those lower in height. 
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Consequently, the local graphene expansion was varied. For P500 sample, presented in figure 1d, 
different behavior was observed. Graphene was located on the apexes of the highest NWs, with 
no contact to the lowest NWs. The density of NWs which were in contact with graphene is 
therefore much smaller than for the other three samples, and the graphene was highly expanded. 
For both P100 and P500 samples, graphene was pierced by some of the highest NWs. Such an 
effect was not observed for the M0 and P0 samples.    
 In the obtained Raman spectra significant variations of energy and intensity of individual 
Raman bands across the mapping areas were observed. Sample Raman spectra of graphene on 
each NWs substrate are shown in Figure 2a, while Table 1 presents the average intensity and its 
standard deviation of the individual Raman bands for the respective samples. The spectra of 
graphene on GaN NWs with equal height (M0 and P0 samples) were over an order of magnitude 
more intense than those coming from the two unequal height samples (P100 and P500). The 
spectra of P100 and P500 samples were of similar intensity, typical for graphene deposited on an 
epitaxial GaN layer.[4] The discussed enhancement for M0 and P0 samples was observed for the 
G and 2D bands, as well as for the defect D and D’ bands of graphene. The detailed statistical 
analysis of Raman bands intensities are included in the supplementary material. Analysis of the 
Raman spectra showed that differing variations in height of the NWs subdivides our samples into 
two categories with substantially differing spectrum intensity. The first one consists of the M0 
and P0 samples and the second one the P100 and P500 samples. The intensity ratios presented in 
Table 2 for samples within the same category (M0/P0 and P100/P500) are similar and 
approximately 1, while for samples from different categories were of the order of a few dozen. In 
this work we use notion of enhancement factor (EF) (presented in Table 2) which is defined as 
the ratio of Raman peak intensity of P0 (or M0) sample to the corresponding peak of P100 (or 
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P500) sample. The highest EF was found for the 2D band (~30-40), whilst for the G band it 
was~15-25, and for D’ band an EF of ~20-30 was observed. Interestingly, EF of the defect D 
band varied by a factor of 20 when compared with the P100 sample to 50 when compared with 
the P500 sample. We relate the difference in EF of D band to different density of NWs in contact 
with graphene, which for P100 sample is much larger, and for the P500 sample is smaller when 
compared to M0 and P0 samples. 
 One mechanism of the Raman scattering enhancement that could be considered is an 
interference of the light reflected from graphene/NWs and NWs/silicon interfaces. It has already 
been reported that Raman spectra of graphene deposited on a silicon substrate covered with a 
thin layer of silicon dioxide can be enhanced by more than an order of magnitude.[25] This has 
been explained as a result of interference between the light reflected from the silicon and from 
the silicon dioxide surface. To exclude that possibility in our samples, reflectivity micromapping 
measurements were performed on all samples within a surface area of 1 μm2. As shown in figure 
2b, interferences are visible for all the samples except the P500 case, i.e. graphene on NWs with 
the largest differences in height. Thus, as expected, high variations in NWs height suppressed the 
interference. Taking into account the effective refractive index of the GaN NWs layer (which is 
lower when compared to the planar GaN layer and is dependent on the filling factor – the ratio of 
NWs volume to the volume of the planar layer of the same height) it is possible to estimate 
height of the NWs.[26] The calculated height for M0, P0 and P100 agreed with the height of the 
NWs obtained from SEM measurements. It is worth to noting, that for each particular sample 
(for which the interferences were observed) the energy position of interference maxima did not 
shift when mapping on the investigated surfaces, however small variations of the average 
reflectivity were observed. An average reflectivity value for M0 and P0 sample was twice higher 
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than for the P100 and P500 samples. This difference is most probably caused by higher 
scattering on the rougher surface. However, the magnitude of the differences in reflectivity value 
between the investigated samples was significantly lower than the observed EFs (table 2). 
Secondly, since the wavelength of laser line corresponds to the interference minimum (figure 3), 
the probable reason for the enhancement of the whole Raman spectrum, which is the positive 
interference of laser line, can be excluded. Moreover, the greatest enhanced 2D band for M0 and 
P0 samples was in-between interference minimum and maximum, while the positions of other 
three bands corresponded to the interference maximum. Therefore, we can conclude that in this 
case, the interference effect did not play any major role in the observed enhancement of Raman 
scattering for graphene on NWs with equal height.    
 The problem of how strain and carrier concentration in graphene influence the 
enhancement of Raman scattering was studied by the analysis of the dependence of G band 
energy on the 2D band energy (figure 3), in comparison with respective data for unstrained and 
undoped graphene recorded in literature studies.[14] In general, the strain changes the bond 
lengths in graphene and consequently impacts its phonon frequency. That effect has been clearly 
observed for graphene’s main 2D and G bands.[14] Additionally, due to the presence of a Kohn 
anomaly near the , K and K’ points in the first Brillouin zone, phonon band energies are 
sensitive to the carrier concentration.[16] Experimental results obtained for gated graphene 
confirmed that G band energy is dependent on the carrier concentration, however the 2D band 
energy stays constant for doping levels lower than 5∙1012 cm-2 for holes, and 2∙1013 cm-2 for 
electrons.[16] The dependence of G band energy shift, EG, on strain, ∆𝜀, and carrier 
concentration, n, is described by the formula: [27] 
∆𝐸𝐺 = −2𝛾𝐺𝐸𝐺
0∆𝜀 + 𝑛𝑎                                                                                                               (1)    
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where 𝛾𝐺  is Grüneisen parameter, a is a constant (equal to 7.38∙10
13
 cm when the band energy is 
given in cm
-1
 units and concentration in cm
-2
), and 𝐸𝐺
0 is a value of G band energy for unstrained 
and undoped graphene and it is equal to 1583.5 cm
-1
 for 2.33 eV laser excitation energy.[14] The 
dependence of 2D band energy shift, E2D, on strain is described by the formula:[27] 
∆𝐸2𝐷 = −2𝛾2𝐷𝐸2𝐷
0 ∆𝜀                                                                                                                   (2) 
where 𝐸2𝐷
0  is a value of 2D band energy for unstrained and undoped graphene and it is equal to 
2677.6 cm
-1
 for 2.33 eV laser excitation energy.[14] The Grüneisen parameter describes the 
dependence of the phonon frequency on the crystal volume. The value of the Grüneisen 
parameter for G and 2D bands is strongly determined by the strain. Consequently, the absolute 
number of the carrier concentration can be precisely determined by formula 1 only for unstrained 
graphene. However, for small graphene areas, where strain is nearly constant, the changes of the 
G band energy are proportional to the change of the carrier concentration.  
As observed in figure 3 which shows the dependence of G band energy on the 2D band energy, 
the data from Raman micromaps for different samples are clearly separated into different 
regions. We can therefore compare strain and carrier concentration of the studied samples. The 
strain value can be analyzed considering values of the 2D band energy (formula 2). The M0 
sample is clearly the least strained from all the samples. The average compressive strain for M0 
sample is ~0.03% with standard deviation (𝜎) of 0.02%. This result correlates well with SEM 
image of M0 sample showing the graphene lying smoothly on the NWs with uniform height 
(figure 1a). Interestingly, the average strain in P0 sample, ~0.07% (𝜎 = 0.01%), is more than 
twice higher than in the M0 sample and it has a tensile character, as opposed to the strain seen in 
the other samples. This can be explained by graphene stretching due to water surface tension 
during sample processing. The polymer frame used in case of P0 sample was not as elastic as 
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marker frame applied for the M0 preparation, therefore it could block relaxation of graphene 
strain in the P0 sample. The P100 sample is more strained than M0 and less strained when 
compared to P500. The compressive strain for P100 and P500 samples is in average of ~0.07% 
with 𝜎 = 0.04%, and 0.2% with 𝜎 = 0.02%, respectively. In the case of the P100 sample, 
graphene was stretched and supported by lower as well as higher NWs. Consequently, the 
substrate effectively modulated the local strain and therefore the energy of the 2D band in 
Raman micromaps of P100 extended over a large range, indicating areas of P100 with 
compressive strain, but also some regions with tensile ones. The highest value of strain, observed 
in P500 sample, was caused by a lower density of the supporting nanowire apexes, since only the 
highest nanowires made contact with the graphene. From the values of the average strain in all 
the studied samples it is difficult to find any correlation of it with the enhancement of Raman 
spectra intensity, so strain does not seem to be the main factor influencing this phenomenon. 
Even the P0 and M0 samples, showing similar high enhancement of Raman scattering, are 
characterized by quite different strain. It is worth to mention that values of strain observed in our 
samples, agree with the values reported  by other authors for graphene with small deformation 
transferred on nanopillars using standard PMMA method.[28] The detailed statistical analysis of 
Full Width at Half Maximum of Raman bands follow the trends in strain and concentration 
discussed before and are included in the supplementary material. 
 To compare the studied samples with regards to their carrier concentration we can still 
use the diagram presented in figure 3, but now the value of G band energy should be considered 
(it should be remembered that, according to formula 1, the energy of G band depends on 
concentration as well as on strain). To estimate the value of the carrier concentration we used the 
data points corresponding to small strain. Carrier concentration in M0 and P0 samples is 
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estimated to be of the order of 10
12
 cm
-2
.[16] The values of G band energy for P100 sample were 
generally the highest when compared to the rest of the samples. The estimated value of carrier 
concentration in P100 sample is at least an order of magnitude higher than that observed in the 
M0 and P0 samples. This can be related to the highest density of the NWs which support 
graphene and, therefore, the strongest exposition of such graphene on interactions with the NW 
substrate. In the case of P500 sample, its G band energy range was nearly equal to that of P0 
sample, but considering the higher strain, this indicates a smaller carrier concentration when 
compared to the P0 sample. Therefore, we can conclude that carrier concentration in P500 is the 
smallest amongst all four studied samples, which is a result of the low density of NWs touching 
graphene. From the analysis of the 2D energy we can therefore conclude that the main factor 
determining the carrier concentration of graphene deposited on NWs is the density of the NWs 
interacting directly with graphene, with the higher density of NWs in proximate contact with 
graphene, the higher the carrier concentration. The carriers in graphene are therefore induced by 
NWs gating.  
 The general trends presented so far, observed by means of Raman spectroscopy, prove 
that the nanowire substrate and kind of transfer method strongly impacts the graphene strain and 
its carrier concentration. In order to understand the mechanism behind the Raman scattering 
enhancement, further analysis of G and 2D band energies with studies of the spatial distribution 
of the carrier concentration in graphene was performed. However, it must be remembered that 
spatial resolution of Raman micromapping was 300 nm, which is larger than the typical distance 
between the NWs. Generally, we can expect a spatial modulation of the carrier concentration due 
to the distribution of the supporting apex positions. For each sample, from the two-dimensional 
maps of G and 2D band energies presented in Fig. 4, we selected two areas which are depicted as 
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diamonds or squares. The areas were selected in such a way that clear contrast in G band energy 
position within them could be observed. The points with relatively high G band energy, depicted 
by purple symbols, were adjacent to the ones with lower G band energy, which are depicted by 
green symbols. The local behavior of strain and the carrier concentration of these data points are 
also highlighted in Fig. 3. For the M0 sample, unambiguous local modulation of the carrier 
concentration was observed. Locally, the 2D band energy was nearly constant (meaning a similar 
strain), while the G band energy changed by ~0.6 cm
-1
. This corresponds to variations in the 
carrier concentration by 10
12
 cm
-2
.[16] We relate these variations to the distribution of the 
supporting apex positions, although, because of limited resolution, it is not possible to use 
Raman micromapping to image individual nanowires. A similar effect was also observed for the 
P0 sample in areas where the strain was low. For the P500 and P100 graphene on NWs with non-
equal height, larger variations of both band energies were seen (positions of green symbols 
differed from the purple symbols). It was therefore not possible to trace the carrier concentration 
variations in these samples. Generally, as commented above, the local modulation of the carrier 
concentration in graphene can be traced by Raman spectroscopy in only the low strained 
samples, with an almost constant G band energy, when the changes in 2D band position can be 
ascribed to a variation of carrier concentration.  
 For further clarification of the carrier concentration’s local behavior, KPFM 
measurements were performed (Fig. 5). This method allowed for better spatial resolution and 
improved observation for the correlation of carrier concentration with the positions of individual 
GaN nanowires. Electrical potential of a few NWs evidently not covered with graphene (as seen 
from topography images) was significantly higher than that of graphene (Fig. 5g). It should also 
be noted, that some other individual NWs observed by topography and presumably not covered 
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with graphene, did not have clear contrast in the potential images. It seems that these nanowires 
were in fact covered by graphene which can tightly wrap around some of the single NWs (Fig 
5g, h). The most significant observation of the KPFM analysis is however the local variations of 
potential values on the graphene itself. The KPFM results show that local spatial modulation of 
potential on the graphene surface correlates well with the topography of the samples. We clearly 
observe the expected modulation of the carrier concentration (seen by electric potential changes) 
related to the positions of the apexes in contact with the graphene layer (seen in the topography 
image). The spatial contrasts are more visible in figures which present the potential distribution 
(Fig. 5). For the P100 and P500 samples (figure 5c, d respectively), the graphene surface had an 
increased roughness, when compared to the M0 and P0 samples (figure 5a, b), what correlated 
with the SEM observations. The average value of the electric potential was highest in the case of 
the P100 sample (~0.23 V) comparing to 0.10 V for M0 and P0 samples, and 0.06 V for P500 
sample. This suggests that the highest carrier concentration is in P100 sample and the lowest is in 
the P500 sample, this is in agreement with the trends in carrier concentration observed by Raman 
studies discussed before. This effect is explained by the highest density of nanowires being in 
contact with graphene in P100 sample and the lowest in P500, so the average value of potential 
and furthermore the carrier concentration was strongly influenced by the total area of 
graphene/NW interface. The local variations of the potential can be better traced in the cross-
sections of electrical potential, which are presented in figures 5 i, j, k and l. The local variations 
of the potential, corresponding to the contact with graphene and the individual nanowire apexes, 
had an average amplitude 0.02 V for the M0 and P0 samples. A slightly higher amplitude was 
observed for the P100 sample. The spatial period of these variations changed from ~100 nm for 
the P100 sample to ~250 nm for the P0 and M0 samples. These values agreed with the distances 
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between the adjacent NW groups, as observed in the SEM images (Fig. 1). In the case of the 
P500 sample, the number of NWs in contact with graphene was small, but still interaction 
between the individual NWs with the graphene could be traced in area close to the highest 
nanowire apexes seen in the topography image. The spatial period of these interactions was ~1 
m and corresponded to the distance between the highest apexes directly in contact with the 
graphene.  
 For the origin of the Raman scattering enhancement in graphene deposited on GaN NWs, 
we have to acknowledge the carrier modulation by the nanowire apexes, which is clearly visible 
with high spatial resolution by KPFM. This points to a SERS mechanism. However, observation 
of the enhancement, in only part of the samples, indicates that the NW substrate itself is not 
sufficient condition of the Raman scattering enhancement in graphene. The analysis of graphene 
deposited on NWs with differing height variations showed that strain, carrier concentration and 
density of NWs in contact with graphene varied between samples and seem to be important 
factors affecting the strength of the Raman scattering enhancement. The enhancement was 
observed for the samples deposited on NWs with the same height. However, these samples were 
not characterized either by the lowest strain or by the highest carrier concentration. For the P100 
sample, for which no enhancement was observed, the highest carrier concentration from all the 
studied samples was observed and a similar strain value (although of opposite sign) as observed 
in the P0 sample, which exhibited an enhancement. It is probable that NW density may be an 
important factor affecting the light interaction with graphene layer, leading to the Raman 
scattering. However, further studies are needed to understand how the NWs density influences 
Raman scattering enhancement. 
4. SUMMARY 
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 We conclude that the main cause of Raman scattering enhancement observed for 
graphene deposited on GaN NW layer is due to SERS originating from local GaN nanogating. 
The performed experiments prove that modulation of the carrier concentration is correlated with 
positions of the NW apexes in contact with the graphene layer. Only the deposition on nanowires 
with equal height resulted in a strong Raman scattering enhancement. KPFM measurements 
showed that the density of nanowire substrate impacts on the graphene carrier concentration. 
Although our studies show that the nanowire substrate introduces inhomogeneous strain to the 
graphene, it seems not to have any particular effect on the enhancement factor. Analysis of 
substrates with different NW density shows their impact on the self-induced nanogating, but the 
eventual influence of NW density on the Raman enhancement requires further work. 
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Figure 1. Scanning electron microscopy images of graphene on NWs with (a) 0 nm variations in 
height and graphene transferred using marker frame – M0, (b) 0 nm variations in height and 
graphene transferred using polymer frame – P0, (c) 100 nm variations in height and graphene 
transferred using polymer frame – P100, and (d) 500 nm variations in height and graphene 
transferred using polymer frame – P500.  
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Figure 2. (a) Sample Raman spectra of graphene deposited on NWs with different variations in 
height (M0, P0, P100 and P500 samples). Due to strong enhancement for M0 and P0 samples, 
intensities of their spectra were divided by 20. (b) Sample reflectivity spectra of graphene on 
nanowires with different variations in height. The horizontal lines mark the wavelength of laser 
line and respective Raman bands.  
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Figure 3. Diagram of G band energy on 2D band energy dependence for the investigated 
samples. Open square and diamond symbols represent data marked with the same symbols on 
two dimensional maps in figure 4. The yellow circle corresponds to energy values for unstrained 
and undoped graphene as reported in literature.[14] Sample values of strain and carrier 
concentration (for unstrained graphene) are presented in top and right axis respectively. 
 
Figure 4. Two dimensional maps of G band energy for samples: (a) M0, (b) P0, (c) P100, (d) 
P500, and two dimensional maps of 2D band energy for samples: (e) M0, (f) P0, (g) P100, (h) 
P500. Data corresponding to areas depicted by square and diamond symbols are also presented in 
figure 3.  
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Figure 5. Kelvin probe force microscopy images of the topography of graphene on NWs 
samples: (a) M0, (b) P0, (c) P100, (d) P500, and images of potential on the surface of these 
samples: (e) M0, (f) P0, (g) P100, (h) P500. Area of P100 sample not covered with graphene is 
depicted by green circle. Area of P100 and P500 sample where graphene is tightly wrapped 
around single NWs is depicted by yellow circles. White lines correspond to representative cross-
sections profiles for samples: (i) M0, (j) P0, (k) P100, (l) P500. 〈V〉 indicates average value of 
potential.    
 27 
List of tables: 
Table 1. Average intensities (I), in counts per second, of graphene Raman bands and their 
standard deviations ( 𝜎).  
 
M0 P0 P100 P500 
IG 218 156 9 11 
𝜎𝐼𝐺 
IG 
IG 
93 29 5 2 
I2D 564 792 21 19 
𝜎𝐼2𝐷  156 152 8 3 
ID 101 87 4 2.0 
𝜎𝐼𝐷  41 30 1 0.3 
ID’ 16 11 0.6 0.6 
𝜎𝐼D′  4 3 0.1 0.2 
 
Table 2. Averaged relative enhancement factors of Raman bands intensity in investigated 
samples. 
 
M0/P100 M0/P500 P0/P100 P0/P500 M0/P0 P100/P500 
G 24 20 17 14 1.4 0.8 
2D 27 30 38 42 0.7 1.1 
D 25 51 22 44 1.2 2 
D’ 27 27 18 18 1.5 1 
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Supplementary material 
 
Supplementary figure 1. Sample Raman spectra (black dots) with appropriate fits (red curves) 
for samples: (a) M0, (b) P0, (c) P100, (d) P500. Green dashed lines show deconvolution of G and 
D’ bands. All bands in all acquired spectra were fitted using Voigt profile. 
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Supplementary figure 2. Histograms of intensity of Raman bands: (a) D, (b) G, (c) D’, (d) 2D 
for all samples. 
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Supplementary figure 3. Histograms of Full Width at Half Maximum (FWHM) of Raman 
bands: (a) D, (b) G, (c) D’, (d) 2D for all samples.  
 
